This paper presents the first report of the successful ball-milling exfoliation of graphitic filaments (GANF ® carbon nanofibres) into single layer graphene. The addition of small amounts of solvent during the milling process makes it possible to enhance the intercalation of the exfoliating agent (melamine) between the graphene layers, thus promoting exceptional exfoliation. Advantage has also been taken of the fact that the Hansen solubility parameters of graphene are different from those of carbon fibres, which allows single and few-layer graphene to be suspended in a particular solvent, thus discriminating them from poorly exfoliated carbon nanofibres.
Introduction
The physical properties of graphene have, in recent years, inspired a number of research groups around the world. The potential applications of this material would appear to be endless, from polymer composites [1] and bio-applications [2] to photonic devices [3, 4] . However, the best way to integrate graphene into current technologies is not yet clear, and the quality of exfoliation, the degree of defects and doping, among other parameters, play an important role in practical applications. There are generally two ways in which it is possible to obtain graphene: the first is to synthesise it from diverse carbon sources at high temperatures (e.g. via the annealing of SiC [5, 6] or chemical vapour deposition (CVD) [7] ), while the second is through the exfoliation of graphitic sources [8] [9] [10] [11] [12] [13] . Both the annealing of SiC and CVD render a high quality and almost defect-free graphene, which is ideal for some electronic and photonic devices. However, these processes are usually complex and require ultra-high vacuum or expensive equipment. Nano Res. 2014, 7(7): [963] [964] [965] [966] [967] [968] [969] [970] [971] [972] Various methods can be used to exfoliate graphitic materials. The simplest of these is based on the peeling off of graphene sheets with Scotch tape, a method that was first used by Novoselov et al. [13] in 2004. This technique makes it possible to obtain high quality graphene, but in very low quantities. The mass production of graphene is ideally attained via chemical exfoliation. There have been numerous reports of the use of diverse exfoliation approaches, some of which are detailed as follows. Coleman and co-workers used large periods of sonication of graphite in Nmethylpyrrolidone to obtain a graphene yield of 1% [9] . The same group also used surfactants as exfoliating and stabilizing agents in water suspensions, obtaining a yield of 3% of graphene [8] . However the removal of a high boiling point solvent and/or surfactants is a great drawback. Another commonly used method is that of reducing graphene oxide [14] , but neither the structure [15] nor the electronic properties [16] are completely recovered after chemical reduction, thus preventing the use of this method in electronic applications.
Here we report a cheap, easy and eco-friendly means to obtain good quality graphene using ball-milling for the exfoliation of carbon nanofibres through interaction with melamine. The aromatic nucleus of melamine is able to interact with the -systems of graphene and it is also able to form extensive hydrogen bonding 2D networks on the graphene surface, which favour the exfoliation under ball-milling conditions [17] . In contrast to the conventional techniques used for the synthesis of graphene, the ball-milling process avoids the use of strong acids and high vacuum chambers, while the solvents used can be recovered and recycled. In addition, the protocol is quite simple, making it possible to set up the experiment in a few minutes.
Recent reports have suggested that it is possible to tune the degree of defects by adjusting the milling parameters in similar treatments [10] , and that ballmilling treatment also makes it possible to obtain an edge selective functionalization [18] , and a relatively high concentration of few-layer graphene [10, [19] [20] [21] . Despite these advantages, no previous studies have demonstrated that the ball-milling treatment can produce the exfoliation of graphite to obtain single layer graphene. The main drawback of ball-milling exfoliation is that it produces a wide variety of graphitic materials: single-and multi-layer graphene and un-exfoliated graphite. We have tackled this problem by focusing our attention on the solubility parameters of each material. As has been done previously by other groups [21] [22] [23] [24] [25] [26] , we have selected an appropriate solvent with solubility parameters which are closer to those of graphene than to those of the graphitic material source, in our case carbon fibres. This has been done with the intention of stabilising principally graphene and excluding carbon fibres. Moreover, the addition of small amounts of solvent during the milling process of carbon fibres significantly improves the exfoliation process, thus allowing the dispersion of single layer graphene. In contrast, the ball-milling treatment of graphite under the same conditions does not lead to the same extent of exfoliation.
Experimental
The carbon nanofibres used in this study are helical ribbon GANF ® grade D&S, manufactured by the Grupo Antolin Ingeniería (Burgos, Spain). GANF ® is a nickel derived helical ribbon carbon nanofibre, which is produced using natural gas and a sulphur feedstock at over 1,100 °C and the floating catalyst technique [27] . This material has been characterised elsewhere [28] . The solubility parameters of GANF ® carbon nanofibres were estimated using 28 different solvents. A brief description of the procedure is provided as follows: Suspensions of 10 mL of solvent with concentrations of 1 mg·mL -1 of GANF ® were prepared for each solvent. The mixtures were then dispersed in a sonic bath for 10 minutes, and they were allowed to decant for 48 hours. This procedure was repeated three times in order to attain a precise estimation of the solubility parameters. The top 75% of each suspension was recovered, and the sediment was dried and weighed. This made it possible to indirectly discover the remaining fibre content in dispersion. In the case of solvents with a high boiling point, the supernatant was filtered, rinsed and weighed. Table S1 in the Electronic Supplementary Material (ESM) shows the characteristics of the solvents used.
The exfoliation of carbon fibres was carried out in a Retsch PM100 mill. A schematic of this procedure Nano Res. 2014, 7(7): 963-972 is shown in Figure 1 . In a typical procedure, 30 mg of GANF ® /melamine (melamine: 2,4,6-triamine-1,3,5-triazine, purchased from Sigma Aldrich) was ballmilled in a 50 mL stainless steel flask using 10 stainless steel balls of 1 cm in diameter. The GANF ® /melamine ratios were adjusted to 1:3. For wet-milled samples, 0.5 mL of solvent was added to the GANF ® /melamine mixture. The milling speed was 100 rpm [10] . The resulting powder was dispersed in 20 mL of the chosen solvent. The suspensions were stabilised for 5 days, after which 90% of the supernatant was recovered. The precipitate was analysed using thermogravimetric analysis (TGA) to estimate the content of carbon material and free melamine in the suspension. The material in suspension was washed by filtration using a 0.2 m pore filter (Millipore), with 150 mL of solvent to remove the excess melamine. Care was taken to maintain the sample in at least 5 mL of solvent. The washed samples were then re-suspended in 20 mL of fresh solvent.
All the samples were characterised by using transmission electron microscopy (TEM) with a Philips EM 208 microscope, to analyse the morphology of the exfoliated graphene. Elemental analysis was carried out to obtain the remaining melamine content. 50% of each sample was also dried in order to perform Raman spectroscopy (inVia Raman Renishaw).
Results and discussion
The exfoliation process produces a mixture of singleand few-layer graphene, poorly exfoliated carbon fibres and melamine. In order to obtain a selective separation of graphene monolayers, it is mandatory to know the solubility parameters of each material in dispersion. Once these parameters have been identified, it is possible to select a suitable solvent that will disperse predominantly single-layer graphene. In this context, and according to Coleman and co-workers [23, 24, 29] , the enthalpy of mixing carbon fibres (Fig. 2) , per volume of solvent is expressed as:
is the square root of the surface energy of carbon fibre or solvent; D is the diameter of the carbon fibre; and φ is the volume fraction of carbon fibre. This expression allows us to assume that the minimal energy cost
for a stable dispersion in a solvent is attained when the surface energy of the carbon fibre matchesor is very close to the surface energy of the solvent. Table S1 in the ESM shows the 28 solvents employed in this study, together with their surface energy and solubility parameters [30] .
The concentration measurements, calculated as detailed in the experimental section, show that the maximum dispersibility of the carbon fibre is attained using solvents with a surface energy that is close to 69 mJ·m -2 (see Fig. 3(a) ). The lower axis shows the solvent surface tension that can be obtained simply through its relation with the surface energy [9, 30] :
where Solvent Surface S is the solvent surface entropy which generally takes values of between 0.07 and 0.14 mL·m -2 ·K -1 and for which an universal value of 0.1 mL·m -2 ·K -1 [9, 29, 31, 32] is commonly used, and T is the absolute temperature. It is interesting to note that the surface tension of GANF ® carbon fibre, ~35 mJ·m -2 , is slightly lower than the values reported for graphene or carbon nanotubes, listed in Table 1 . Like the surface energy parameter, the Hildebrand parameter (  ) is often used to determine the solubility of a material. The Hildebrand solubility parameter is defined as the square root of the total cohesive energy density of the material [22, 24, 25, 30, 33] T T be dispersed in those solvents in which the Hildebrand parameter is close to 21 MPa 1/2 . However, the surface tension and the Hildebrand trends are not strictly followed, and, similar to what has been observed previously [22, 25] , there are solvents with values near to the maximum peaks but with low concentrations. This suggests that other significant solubility parameters are playing an important role in the interaction. This has led us to consider the Hansen solubility parameters (HSP). HSP split the total cohesion energy of a liquid (Hildebrand parameter) into three independent parameters of interaction, describing the nonpolar atomic dispersion ( D ), the dipole-dipole molecular interactions ( P ) and the hydrogen bonding molecular interactions ( H ) as follows: The concentrations of carbon fibre plotted versus each HSP are shown in Fig. 4 . Figure 4 (a) shows a peak centred at ~18.5 MPa 1/2 for the dispersive Hansen parameter. The concentrations when plotted versus hydrogen bonding (Fig. 4(b) ) and polar Hansen parameter (Fig. 4(c) fibres (Table 1) . The most significant difference is in the  H component. This component is much larger for platelet-type fibres, which are decorated with oxygen groups that are able to interact through hydrogen bonding or other types of interaction described in the  H parameter. In contrast, GANF ® Carbon fibres have the lower  H value, owing to the highly graphitic character of this material [28] .
Once the solubility parameters of the fibre are known, it is possible to look for a selective discrimination between exfoliated graphene and un-exfoliated fibres by simply making a prudent selection of solvents whose solubility parameters are closer to those of graphene and further from the parameters of the fibre.
To be more precise, it is possible to translate the HSP to 3D coordinates, in which each solvent and material are defined in terms of their x, y and z, coordinates which correspond to  D ,  P and  H . In this context, the HSP space allows us to select a solvent that is located closer to the graphene coordinates and further from the carbon fibre coordinates. This signifies that the shorter the distance R between two points, the better the interaction [22, 25, 30] , thus allowing us to deduce that:
, ,
We have selected three solvents with different distributions in the HSP space. The HSP of N,Ndimethylformamide (DMF), tetrahydrofuran (THF) and propan-2-ol and their relative distances between carbon fibres and graphene are summarised in Table 2 . Upon analysing this table, we expect to find an enriched graphene suspension in propan-2-ol owing to the fact that the distance between its coordinates and Nano Res. 2014, 7 (7): 963-972 the GANF ® coordinates is greater than the distance between its coordinates and those of the graphene (R = 12 and R = 10, respectively); THF is, in contrast, likely to have a poor or non-existent discrimination between both materials, since the THF-graphene and THF-fibre distances are almost the same (R = 4). However, the DMF-graphene distance is shorter than the DMF-fibre distance.
The exfoliation process provides a good dispersion of few-and single-layer graphene and some remaining un-exfoliated fibres. The melamine and oxygen content after washing by filtration was analysed using TGA and elemental analysis, which showed a slight increase in oxygen content close to 0.41 mmol of oxygen atoms per gram of sample and negligible quantities of melamine (~34 μmol of melamine per gram of sample, calculated from elemental analysis), as shown in Figs. 5(a) and 5(b) respectively. The weight loss observed in the exfoliated sample results from oxygen groups created in the exfoliation process. These defects can also be observed in the D-band of their Raman spectra, shown in Fig. 5(c) , and there is a small increase for all the samples in comparison to the pristine sample. The purity of the graphene samples follows the predicted behaviour, with the presence of some carbon fibres for DMF and THF suspensions as expected (Figs. 5(d) and 5(e) ), and an almost pure graphene suspension in propan-2-ol ( Fig. 5(f) ). Exfoliated few-layer graphene flakes were found in all the samples, as can be observed in the TEM images in Figs. 5(d)-5(f) . The concentrations of exfoliated carbonaceous material in each solvent were 222 g·mL -1 , 181 g·mL -1 and 90 g·mL -1 for THF, DMF and propan-2-ol. This is in total agreement with their relative Hansen distance (see Table 2 ). In this context, the least defective sample was obtained with propan-2-ol and DMF, both of whose "Hansen distances" were nearer to graphene than to carbon fibre. In contrast, the THF suspension has the most defects.
The quality of exfoliation is measured using Raman spectroscopy. The number of layers is estimated by observing the shape of the 2D band [36, 37] and the distribution of their sub-peaks [38] . Figure 6 shows the curve fitting of the 2D band for each sample. We calculate the distance between the two innermost peaks of the 2D band deconvolution and, in accordance with Graf and co-workers [38] , we estimate that we have an enriched sample of two-layer graphene in propan-2-ol and few-layer (3 to 5) for THF and DMF. It is important to note that the centre of the 2D bands shifts slightly owing to the presence of doping, such as by solvents [39] [40] [41] . The I 2D /I G ratio can be observed on the right of each curve.
The search for single-layer graphene led us to seek a means to enhance the interaction between the exfoliating agent and the graphene in order to promote a better exfoliation. Emerging mechano-chemical methods, such as liquid-assisted grinding (LAG), also known as solvent drop grinding, have recently appeared as an effective means to accelerate mechanochemical reactions [42] . It has been shown that the addition of catalytic amounts of a liquid phase enhances the molecular mobility, which can induce reactivity in systems that are inactive upon neat grinding. We therefore explored the possibility of adding a small amount of solvent during the milling process. Figure 7 (a) shows the Raman spectra normalised to their respective G bands for wet milling conditions. For a detailed view, the curve fitting of the 2D bands are shown in Fig. 7(b) . The differences between Fig. 7(b) and Fig. 6 make it clear that the new milling conditions significantly improve the exfoliation process. The 2D band of samples stabilised in DMF and propan-2-ol fits one peak, which is a sign of single layer graphene [37] . The addition of THF also improves the exfoliation from 3-5 layers to a bi-layer, but remnants of carbon fibre still appear. Although the final graphene concentration is lower, (8.3 μg·mL -1 for DMF and 1.6 μg·mL -1 for propan-2-ol, giving yields of 4.4% and 1.3% respectively), ball-milling in wet conditions produces a good level of exfoliation and follows the same trend established by the Hansen solubility parameters, thus permitting the dispersion of single layer graphene. Moreover, the ball-milling process allows the fast treatment of considerable quantities of material, providing a new means of obtaining single layer graphene on a large scale. Nano Res. 2014, 7(7): 963-972 
Conclusions
We have demonstrated successful ball-milling exfoliation using a new source of graphitic material-carbon fibres-which have been exfoliated to single-layer graphene by adding small amounts of solvent to the milling flask. We have also demonstrated that it is feasible to selectively discriminate between single-layer graphene and poorly exfoliated fibres by making use of the Hansen solubility parameters. In this context, we have taken advantage of the fact that carbon fibres are not stable in some solvents, such as propan-2-ol, while exfoliated graphene is. We have discovered that there is a compromise between exfoliation quality and graphene concentration, and additional studies are now being carried out using solvent mixtures, other triazines, and different milling parameters in order to increase the yield of single-layer graphene. This technique offers an easy, inexpensive and scalable means to produce single-layer graphene in suspension. The methodology additionally allows the suspension of graphene in low boiling point solvents, thus paving the way towards new applications.
